Background: The 167K allele in the TM6SF2 gene has been suggested to protect against cardiovascular disease at the cost of developing nonalcoholic fatty liver disease in adults. Methods: We performed a cross-sectional study in a population sample of 462 Caucasian children aged 6-9 y, genotyped the polymorphism using HumanCoreExome BeadChip, and assessed several cardiometabolic risk factors. results: The 51 (11%) carriers of the 167K allele had higher plasma alanine aminotransferase (ALT) (20.8 vs. 18.4 U/l, P = 0.011) but lower plasma triglycerides (0.54 vs. 0.61 mmol/l, P = 0.024), total cholesterol (4.08 vs. 4.30 mmol/l, P = 0.016), and low-density lipoprotein (LDL) cholesterol (2.22 vs. 2.38 mmol/l, P = 0.012) than the 411 noncarriers. In factor analysis, the first factor was heavily loaded by plasma ALT (factor loading 0.63), triglycerides (−0.82), LDL cholesterol (−0.71), and waist circumference (0.61) in the carriers but not in the noncarriers. conclusions: The carriers of the 167K allele have higher plasma ALT but lower plasma triglycerides and total and LDL cholesterol than the noncarriers already in childhood. n onalcoholic fatty liver disease (NAFLD), recognized as the hepatic manifestation of the metabolic syndrome (1), is the most common liver disease not only in adults (2) but also in children (3). Increased liver fat content is typically associated with the overproduction of triglyceride-rich very-lowdensity lipoprotein particles from the liver due to the reduced insulin-induced suppression of very-low-density lipoprotein production that leads to hypertriglyceridemia and decreased plasma levels of high-density lipoprotein (HDL) cholesterol (1). NAFLD has been related to increased cardiovascular morbidity and mortality that has been suggested to be partly explained by hypertriglyceridemia and decreased plasma HDL cholesterol levels (2).
n onalcoholic fatty liver disease (NAFLD), recognized as the hepatic manifestation of the metabolic syndrome (1) , is the most common liver disease not only in adults (2) but also in children (3) . Increased liver fat content is typically associated with the overproduction of triglyceride-rich very-lowdensity lipoprotein particles from the liver due to the reduced insulin-induced suppression of very-low-density lipoprotein production that leads to hypertriglyceridemia and decreased plasma levels of high-density lipoprotein (HDL) cholesterol (1) . NAFLD has been related to increased cardiovascular morbidity and mortality that has been suggested to be partly explained by hypertriglyceridemia and decreased plasma HDL cholesterol levels (2) .
A recent exome-wide association study showed that adults with a cytosine-to-thymine substitution which replaces glutamate with lysine at residue 167 (E167K polymorphism) in the TM6SF2 gene had increased hepatic triglyceride content and increased plasma levels of alanine aminotransferase (ALT) but decreased plasma levels of triglycerides and low-density lipoprotein (LDL) cholesterol (4) . The carriers of the 167K allele were found to have a loss of function of the TM6SF2 that reduces the ability of the liver to export triglycerides in verylow-density lipoprotein particles to circulation that explains the increased liver fat content and the decreased plasma levels of triglycerides among the carriers (5) . Consistent with these findings, other studies in adults have shown that the carriers of the 167K allele are more susceptible to NAFLD and liver fibrosis (6) (7) (8) (9) but have a lower risk of developing cardiovascular disease that is partly explained by lower plasma total cholesterol levels among the carriers (7, 10) .
A recent study in obese children provided further evidence for the finding in adults that the carriers of the 167K allele in the TM6SF2 gene have a higher liver fat content and higher plasma ALT levels but lower plasma levels of triglycerides and total and LDL cholesterol than the noncarriers (11). However, there are no studies in population samples of children most of whom have a normal body weight that would have compared plasma levels of liver enzymes, lipids, lipoproteins and other cardiometabolic risk factors, and the clustering of cardiometabolic risk factors in the carriers and noncarriers of the 167K allele. We therefore investigated these issues in a population sample of Caucasian children 6-9 y of age.
RESULTS

Differences in Cardiometabolic Risk Factors Between the Carriers and Noncarriers of the 167K Allele of the TM6SF2 Gene
Of all 462 children, 411 (89%) were 167E homozygotes, 51 (11%) were E167K heterozygotes and none was 167K homozygote. The 51 carriers of the I67K allele had higher plasma ALT levels but lower plasma levels of triglycerides, total cholesterol, and LDL cholesterol than the 411 noncarriers ( Table 1) . The carriers had 13% higher plasma ALT levels but 11% lower plasma triglyceride levels, 5% lower plasma total cholesterol levels, and 7% lower plasma LDL cholesterol levels than the noncarriers after adjustment for age and sex (Figure 1 ). Further adjustments with the patatin-like phospholipase domain containing 3 gene, diseases and medications that could Waist circumference correlated positively with plasma ALT in the carriers and noncarriers of the 167K allele after adjustment for age and sex (Tables 2 and 3) . Waist circumference correlated negatively with plasma triglycerides in the carriers but positively in the noncarriers (P = 0.001 for interaction). Plasma ALT also correlated negatively with plasma triglycerides in the carriers but not in the noncarriers (P = 0.018 for interaction). Waist circumference correlated negatively with plasma total cholesterol in the carriers but not in the noncarriers (P = 0.038 for interaction). Waist circumference also correlated negatively with plasma LDL cholesterol in the carriers but not in the noncarriers (P = 0.036 for interaction). Further adjustments with the patatin-like phospholipase domain containing 3 gene, diseases and medications that could affect liver metabolism, clinical puberty, body fat percentage, physical activity, sedentary behavior and dietary intakes of carbohydrates, sucrose and total, saturated, monounsaturated and polyunsaturated fat as percentages of energy intake had no effect on the magnitude of these interactions (data not shown).
Factor Analysis of Cardiometabolic Risk Factors in the Carriers and Noncarriers of the 167K Allele of the TM6SF2 Gene
The first-order factor analysis with the promax rotation yielded three factors in the carriers and noncarriers of the 167K allele ( Table 4) . These factors explained cumulatively 73.4% of the variance in the carriers and 63.5% of the variance in the noncarriers. Among the carriers, the first "Liver adiposity, low triglycerides, and low LDL cholesterol factor" explaining 28.6% 
DISCUSSION
This is the first study on the associations and interactions of the E167K polymorphism in the TM6SF2 gene with plasma liver enzymes, lipids and lipoproteins, and other cardiometabolic risk factors in a population sample of children most of whom have a normal body weight (12) . We found that plasma ALT levels were higher but plasma levels of triglycerides and total and LDL cholesterol were lower in the carriers of the 167K allele than in the noncarriers in a population sample of Caucasian children. We also observed that not only increased plasma ALT and decreased plasma triglycerides and total and LDL cholesterol but also increased waist circumference were associated with each other and were loaded in the same factor in the explorative factor analysis in the carriers of the 167K allele but not in the noncarriers.
Our findings are in agreement with the results of a few studies in adults (4,7,9,10,13) and one recent study among obese children (11) which showed that the carriers of the 167K allele of the TM6SF2 gene have a higher liver fat content and higher plasma ALT levels and lower plasma levels of triglycerides and total and LDL cholesterol than the noncarriers. Other studies in adults have provided further evidence for these observations showing that the carriers of the 167K allele have a histologically more severe NAFLD than the noncarriers (6-9). The explanation for these findings is that the carriers of the 167K allele have a loss of function of the TM6SF2 gene that reduces the ability of the liver to export triglycerides in verylow-density lipoprotein particles to circulation (5). 
TM6SF2, ALT, and lipid profile in children
Articles
A novel finding of our study is that increased plasma ALT and decreased plasma triglycerides and total and LDL cholesterol but also increased waist circumference clustered in the carriers of the 167K allele but not in the noncarriers. This observation suggests that the typical dyslipidemia associated with the metabolic syndrome, including hypertriglyceridemia and decreased plasma HDL cholesterol, is replaced by decreased plasma triglycerides and LDL cholesterol that are accompanied by increased plasma ALT and waist circumference in the carriers of the 167K allele. However, other core features of the metabolic syndrome, including insulin resistance and abdominal adiposity, persisted both in the carriers and in the noncarriers. Another new observation is that waist circumference was inversely associated with triglycerides and total and LDL cholesterol in the carriers but not in the noncarriers, although it was directly related to plasma ALT both in the carriers and in the noncarriers. This finding suggests that abdominal adiposity increases the plasma triglyceride and total and LDL cholesterol lowering the effect of the 167K allele. The mechanism for this interaction between abdominal adiposity and the 167K allele remains unclear and warrants further studies. Some other studies in adults have not confirmed the associations of carrying the 167K allele of the TM6SF2 gene with increased plasma ALT and decreased plasma triglycerides and total and LDL cholesterol (9, 14) . The lack of these associations has been explained by the small sample sizes in these studies (14) . The rather small sample size is also a weakness of our study. Although only 11% of the children carried the 167K allele, we observed that the carriers had statistically significantly higher plasma ALT levels and lower plasma levels of triglycerides and total and LDL cholesterol than the noncarriers. Moreover, we found that plasma ALT, triglycerides, total and LDL cholesterol, and waist circumference clustered in the carriers but not in the noncarriers. One reason for these clear findings despite the rather small sample size may be that the associations of the E167K polymorphism with the metabolic changes are less confounded by other cardiometabolic risk factors in children than in adults due to the shorter exposure to these risk factors. Another weakness of our study is that we could not assess liver fat content using MRI in our population study of children. On the other hand, a strength of our study is that we had the opportunity to investigate for the first time the associations and interactions of the E167K polymorphism with plasma liver enzymes, lipids and lipoproteins, adiposity, and other cardiometabolic risk factors in a population sample of children over 85% of whom had a normal body weight (12) and to control for a number of possible confounding factors.
The results of our study in a population sample of children suggest that higher plasma levels of ALT, lower plasma levels of triglycerides and LDL cholesterol and higher waist circumference clustered in the carriers but not in the noncarriers of the 167K allele of the TM6SF2 gene. This information may be useful in the early identification of individuals at increased risk of NAFLD and cardiovascular disease.
METHODS
Study Design and Study Population
The present analyses are based on the baseline data of the Physical Activity and Nutrition in Children (PANIC) Study, which is an ongoing physical activity and diet intervention study in a population sample of children from the city of Kuopio, Finland. Altogether 736 children, 6-9 y of age, who started the first grade in primary schools of Kuopio in 2007-2009 were invited to participate in the baseline study in [2007] [2008] [2009] . Of the 736 invited children, 512 (70%) participated in the baseline study. Data on variables used in the analyses were available for 462 children (220 girls and 242 boys) who were included in the final study sample. The study protocol was approved by the Research Ethics Committee of the Hospital District of Northern Savo. Both children and their parents gave their written informed consent.
Genotyping
Genomic DNA was isolated from the blood mononuclear cells using the QIAamp DNA Blood kit (Qiagen, Hilden, Germany). The genotyping of the E167K (rs58542926) polymorphism of the TM6SF2 gene was performed in the Institute for Molecular Medicine Finland (FIMM) using the Infinium HumanCoreExome BeadChip (Illumina, San Diego, CA). The genotypes were determined using the GenomeStudio software (Illumina). The final quality control was done using the PLINK, Version 1.07 software (http://pngu.mgh.harvard.edu/purcell/plink/) (15) . The I148M (rs738409) polymorphism of the patatin-like phospholipase domain containing 3 gene was genotyped using an allele-specific PCR assay and a TaqMan probe (Applied Biosystems, Foster City, CA) according to the manufacturers' protocols. The genotype distributions of the E167K and I148M polymorphisms were within the Hardy-Weinberg equilibrium.
Assessment of Cardiometabolic Risk Factors
Blood samples were taken after fasting of 12 h. Kinetic methods according to the International Federation of Clinical Chemistry were used to analyze the plasma activities of ALT and gamma-glutamyl transferase (Roche Diagnostics, Mannheim, Germany). A colorimetric enzymatic assay was used to analyze plasma total cholesterol and triglycerides (Roche Diagnostics). Homogeneous enzymatic colorimetric assays were used to analyze plasma HDL and LDL cholesterol (Roche Diagnostics). A hexokinase method was used to analyze plasma glucose (Roche Diagnostics). Serum insulin was analyzed using an electrochemiluminescence immunoassay with the sandwich principle (Roche Diagnostics). Body weight was assessed twice after overnight fasting, with bladder emptying, and standing in light underwear by a calibrated InBody 720 bioelectrical impedance device (Biospace, Seoul, Korea) to an accuracy of 0.1 kg. The mean of these two values of body weight was used for the analyses. Body height was assessed three times in the Frankfurt plane without shoes by a wallmounted stadiometer to an accuracy of 0.1 cm. The mean of the nearest two values of body height was used for the analyses. Body mass index-standard deviation score was computed by the Finnish references (16) . Waist circumference was assessed three times after expiration at mid-distance between the bottom of the rib cage and the top of the iliac crest with an unstretchable measuring tape to an accuracy of 0.1 cm. The mean of the nearest two values was used in statistical analyses. Body fat percentage was assessed with bladder emptying and lying in light clothing with all metal objects removed by the Lunar dual-energy X-ray absorptiometry device (Lunar Prodigy Advance, GE Medical Systems, Madison, WI).
Other Assessments
Physical activity and sedentary behavior were assessed by the Actiheart heart rate and movement sensor (17) . Dietary intake was assessed by food records of four consecutive days that consisted of two weekdays and two weekend days or three weekdays and one weekend day (18) . The food records were analyzed using the Micro Nutrica dietary analysis software, Version 2.5 (Social Insurance Institution of Finland, Turku, Finland). Pubertal stage was assessed by Tanner criteria.
Statistical Methods
Statistical analyses were performed with the IBM SPSS Statistics software, Version 21 (IBM, Armonk, NY). Before statistical analyses, continuous variables with skewed distributions were log transformed or square root transformed. Differences in cardiometabolic risk factors between the carriers and noncarriers of the 167K allele of the TM6SF2 gene were compared by the T-test for independent samples. Differences in cardiometabolic risk factors between the carriers and the noncarriers were also compared by the General Linear Model adjusted for age and sex. Correlations between cardiometabolic risk factors in the carriers and noncarriers of the I67K allele of the TM6SF2 gene were analyzed by computing partial correlation coefficients adjusted for age and sex. We also tested whether carrying the I67K allele modified the associations between cardiometabolic risk factors by General Linear Model adjusted for age and sex. Data were additionally adjusted for the 148M polymorphism of the patatin-like phospholipase domain containing 3 gene, diseases, and medications that could affect liver metabolism, clinical puberty, body fat percentage, physical activity, sedentary behavior and dietary intakes of carbohydrates, sucrose and total, saturated, monounsaturated, and polyunsaturated fat as percentages of energy intake. Associations with a P value of <0.05 were considered statistically significant. Moreover, we carried out factor analyses for cardiometabolic risk factors separately in the carriers and noncarriers of the 167K allele by entering ALT, triglycerides, LDL cholesterol, HDL cholesterol, insulin, and glucose as well as waist circumference in the models. The principal factor analysis was used for the extraction of the factors. Only factors with eigenvalues of >1.0 were retained in the analysis. The promax rotation that allows the variables to correlate with each other was used to assess possible underlying pathophysiological relationships. For the interpretation of the factors, variables having a correlation coefficient of ≥0.40 were considered to be heavily loaded.
